Canine prostate adenocarcinoma (PAC) and transitional cell carcinoma (TCC) of prostate and urinary bladder are highly invasive and metastatic tumors of closely neighbored organs. Cell lines are valuable tools to investigate tumor mechanisms and therapeutic approaches in vitro. PAC in dogs is infrequent, difficult to differentiate from TCC and usually characterized by poor prognosis, enhancing the value of the few available cell lines. However, as cell lines adapt to culturing conditions, a thorough characterization, ideally compared to original tissue, is indispensable. Herein, six canine PAC cell lines and three TCC cell lines were profiled by immunophenotype in comparison to respective original tumor tissues. Three of the six PAC cell lines were derived from primary tumor and metastases of the same patient. Further, two of the three TCC cell lines were derived from TCCs invading into or originating from the prostate. Cell biologic parameters as doubling times and chemoresistances to commonly used drugs in cancer treatment (doxorubicin, carboplatin and meloxicam) were assessed. All cell lines were immunohistochemically close to the respective original tissue. Compared to primary tumor cell lines, metastasis-derived cell lines were more chemoresistant to doxorubicin, but equally susceptive to carboplatin treatment. Two cell lines were multiresistant. COX-2 enzyme activity was demonstrated in all cell lines. However, meloxicam inhibited prostaglandin E2 production in only seven of nine cell lines and did neither influence metabolic activity, nor proliferation. The characterized nine cell lines represent excellent tools to investigate PAC as well as TCC in prostate and urinary bladder of the dog. Furthermore, the profiled paired cell lines from PAC primary tumor and metastasis provide the unique opportunity to investigate metastasis-associated changes PAC cells undergo in tumor progression. The combination of nine differently chemoresistant PAC and TCC cell lines resembles the heterogeneity of canine lower urinary tract cancer. Funding: The authors wish to thank the Studienstiftung des Deutschen Volkes for supporting EMP with a scholarship. This publication was supported by Deutsche Forschungsgemeinschaft and University of PLOS ONE Canine prostate and bladder cancer cell lines derived from primary tumor and metastasis PLOS ONE | https://doi.org/10.Original tissue (P = Prostate, B = urinary bladder, Ln = lymph node); cell lines' names are explained as institution (Tiho = University of Veterinary Medicine Hannover); species (D = dog); tissue origin (Pro = prostate; Urt = urinary tract (urinary bladder)); diagnosis (Adcarc = adenocarcinoma; Carc = carcinoma; Metadcarc = metastasis of an adenocarcinoma); abbreviations of cell lines written in bold; none = cell lines have not been published yet; n.a. = tissue of patient no. 5 is missing, as the patient owners declined surgery and necropsy; � diagnosis by cytology of cells obtained by fine needle aspiration biopsy.
Introduction
Cancer cell lines represent useful tools to investigate tumorigenesis and to establish new therapeutic approaches [1] . For research in rare but severe tumor entities like canine prostate cancer [2, 3] , cell lines are even more valuable, as access to tissue samples and primary cultures is limited. However, for reliable interpretation of in vitro studies, a thorough characterization of the used cell lines is inevitable.
In general, cell lines are established from tumor-burdened individuals. Ideally, investigated features of the primary tumor are representative for the tumor type or subtype and stay preserved in the derived cell line [4] . However, clonal selection and adaption to culturing conditions over multiple passages can affect features like gene expressions and sensitivities against chemotherapeutic acting drugs [4] [5] [6] . Accordingly, the matched characterization of cell lines and respective tissues of origin allows a comprehensive evaluation in which terms a cell line actually represents the tumor entity and can therefore be used as suitable model.
Canine prostate adenocarcinoma (PAC) and transitional cell carcinoma (TCC) both show highly invasive growth and metastatic behavior that limit treatment options [7, 8] . Several cytostatic drugs and cyclooxygenase 2 (COX-2) inhibitors appear to prolong survival times in TCC patients [8, 9] , whereas few studies support slight effects of COX-2 inhibitors solely or combined with chemotherapeutic agents against canine PAC [10, 11] . Comparable to human castrate-resistant prostate cancer, canine PAC is mostly androgen-independent and therefore refractory to androgen depriving or suppressing treatments [7, 12] . Positive immunostaining of the tumor suppressor p53 in human PAC and TCC is mutation-related [13, 14] and thus a negative prognostic factor. In canine osteosarcoma, mutations of p53 have also been detected and correlated with poor survival [15] . Further, immunoreactivity for p53 was demonstrated in canine PAC and TCC [16] [17] [18] , suggesting p53 as negative prognostic factor.
The majority of canine prostatic tumors are adenocarcinomas, arisen from glandular tissue and further classified by a Gleason-like scoring [19, 20] . However, PAC is likely to infiltrate the closely neighbored bladder-neck and likewise, TCC also infiltrates prostatic tissue, or originates from the prostatic urethra or periurethral ducts [21] [22] [23] [24] [25] [26] . Differentiation between PAC and TCC in prostatic tumors is recommended [20, 26] , as further research might discover differences in therapeutic options and prognosis. However, a clear distinction based on clinical imaging, cytology, histopathology and molecular markers is still challenging [9, [27] [28] [29] [30] .
Metastasis is a major limiting factor for treatment and prognosis of cancer [31, 32] . While popular human PAC cell lines like PC-3 and LNCaP were derived from metastasis, available canine cell lines were usually established from primary tumors [33] [34] [35] [36] [37] [38] [39] . Studies characterizing cellular features associated with naturally occurring PAC metastasis are limited, as there are no paired cell lines derived from both primary tumor and metastases of the same species, ideally from the same patient. PAC in dogs is comparable with castration-resistant prostate cancer in men [21, 40, 41] and canine TCC resembles human invasive bladder cancer [42] [43] [44] . Thus, therapeutic options developed for one species might likewise be beneficial for the other. While researchers in human medicine have access to numerous well-characterized PAC and TCC cell lines and sublines [1, 45] , only few specified canine cell lines are described [16, 35, 38, 39, 46, 47] .
The aim of this study was to equally profile a large set of cell lines derived from canine PAC, PAC metastasis, as well as TCC localized in urinary bladder and prostate. Therefore, the cell lines and their primary tissue counterparts were characterized with respect to growth characteristics, immunophenotype, cellular phenotype, sensitivity to chemotherapeutic drugs and COX-2 expression.
Materials and methods

Patients and tissue samples
Nine dogs with carcinomas derived from the prostate or urinary bladder that were presented to the Small Animal Clinic of the University of Veterinary Medicine Hannover between 2003 and 2015 were included in this study. Medical patient data are summarized in S1 Table. All dogs except from patient no. 7 were euthanized shortly after diagnosis because of advanced stage of the disease and poor prognosis. Patient no. 7 died from chemoresistant and metastatic tumor recurrence one year after surgery. Owners of all euthanized patients consented to leave their dogs' bodies in the clinic for research purposes. Tissue samples were taken from neoplastic areas, as verified by histopathology, within two hours after euthanasia. From patient no. 4, additional tissue samples from two separate sublumbal lymph node metastases were obtained. Altered tissue samples of one patient no. 7 were obtained directly after medically indicated surgery from the resected tumor in agreement with the patient´s owner. Tissue samples of patient no. 5 were not available as the patient's owner declined surgery or necropsy. Tissues were divided for routine histopathology and for immunohistochemistry (formalin-fixed paraffinembedded, FFPE) and for further cell culture in Hank's Medium (Hank's salts, Biochrom GmbH, Berlin, Germany). Sections of FFPE samples were stained with hematoxylin and eosin (HE). According to national legislation, this study does not require ethics approvals, as samples were taken from animals euthanized for medical reasons or from material obtained for therapeutic or diagnostic purpose.
Classification of original tissues
Sections of FFPE tissues (Table 1) were examined by a certified and experienced veterinary pathologist and classified as PAC, metastasis of PAC or TCC according to the guidelines proposed by Palmieri et al., . Gleason grading was performed as described by Palmieri and Grieco [19] . Images were taken in 400x magnification using an Imager.Z1 microscope (Carl Zeiss AG, Oberkochen, Germany). 
Primary cultures and cell lines
Cases include cell lines CT1258 and DT08/40 [35, 51] , which were previously characterized by karyotype. CT1258 and DT08/40, as well as some other herein profiled cell lines have already been used in various studies [52] [53] [54] [55] [56] [57] [58] and were renamed consistently according to Table 1 . TCC0840 has been established from cells obtained by fine needle aspiration [51] , all other cell lines were established as described for Adcarc1258 [35] . Cells were cultivated in Medium 199 (Life Technologies GmbH, Darmstadt, Germany) containing 20% fetal calf serum (FBS Superior, Biochrom GmbH), 200 IU/ml penicillin and 200 mg/ml streptomycin (Biochrom GmbH). At passage 30, fetal calf serum was reduced to 10% and cell lines were characterized after another five passages of adaption. Tissue samples from sclera, conjunctiva, subdermal tissue and oral mucosa were obtained from an eleven-year-old female neutered Galgo Espanol shortly after euthanasia with prior consent of the owner. The dog was euthanized due to decompensated heart failure, lameness and insolinoma. Fibroblast cultures were established as described for cell line Adcarc1258 [35] and cultured in DMEM / F12 (1:1) medium, stable Glutamine, 1.2 g / L NaHCO 2 (PAN-biotech, Aidenbach, Germany) containing 10% fetal calf serum (FBS Superior, Biochrom GmbH), 200 IU/ml penicillin and 200 mg/ml streptomycin (Biochrom GmbH).
Description of cell morphology in cell lines
FFPE embedded cell pellets were stained with HE. Images were taken at 400x magnification using an Imager.Z1 microscope (Carl Zeiss AG, Oberkochen, Germany).
Comparative characterization of cellular origin, p53 and COX-2 expression in cell lines and tissue of origin
FFPE tissues and FFPE embedded cell pellets of three consecutive passages were immunohistochemically stained with mouse monoclonal antibodies raised against pan-cytokeratin (pan-CK, detecting CK1, CK5, CK10, CK14), CK7, CK8/18, uroplakin III (UPIII), vimentin, E-Cadherin (E-Cad) and Calponin (Calp) and p53, as well as goat polyclonal IgG detecting COX-2 (S2 Table) . Cross reactivity with canine tissue was either declared by the manufacturers or based on the literature [59] [60] [61] [62] as summarized in S2 Table. If not described otherwise, all incubation steps were performed at room temperature. For antigen retrieval, slides were cooked in citrate buffer by microwave for 20 minutes or digested by proteinase K for 40 minutes for the CK7 antibody. Nonspecific binding was blocked using inactivated normal goat serum and slides were incubated with primary antibodies for 75 minutes. CK8/18, Calp, p53 and COX-2 antibodies required incubation overnight at 4˚C. This was followed by incubation with goat anti-mouse secondary antibodies for 45 minutes for monoclonal primary antibodies and with horse anti-goat secondary antibodies for COX-2. Staining was rendered visible performing an indirect avidin-biotin-peroxidase staining procedure according to the manufacturer. For CK8/ 18, Calp and COX-2, staining was amplified by the use of 0.5% biotinylated tyramine and 0.06% H 2 O 2 followed by a secondary incubation with the avidin-biotin complex. 3,3'-diaminobenzidine was used to generate a brown color reaction and sections were counterstained with hematoxylin. Canine non-neoplastic tissue or squamous cell carcinoma tissue with confirmed immunoreactivity served as positive controls. Those tissues were acquired from leftover samples sent to routine histopathology diagnostics with consent of the owners (S2 Table) . Hostand isotype-matched antibodies were applied as negative controls instead of primary antibodies (S2 Table) . Tissue samples from healthy dogs served as positive controls and host-and isotype-matched antibodies were applied as negative controls instead of primary antibodies (S2 Table) . Staining intensities and percentages of COX-2 and p53 expressing cells in cell pellets and in neoplastic areas of tissue samples were scored as proposed by Sorenmo et al. [10] and Pagliarone et al. [18] . Following Pagliarone et al., samples with less than 10% randomly scattered cells expressing p53 were considered negative.
Fibroblast exclusion
All tumor cell lines were seeded in a 96-well plate 7,500 cells/well. Canine fibroblast cells (each 5,000 cells/well) from sclera, conjunctiva, subdermal tissue and oral mucosa were used as positive control. All cells lines were stained with a rabbit anti collagen VI antibody 1:100 (ab6588, Abcam, Cambridge, UK) as described before [63] applying a goat polyclonal anti-rabbit IgG H +L secondary antibody (Alexa Fluor 647, Abcam) diluted 1:250. Nuclei were stained by 4,6-diamidino-2-phenylindole diluted 1:1000 (DAPI, Sigma-Aldrich Chemie GmbH, Munich, Germany). Fluorescence images were taken utilizing an inverse microscope DMI6000 B in 100x magnification (Leica Microsystems GmbH, Wetzlar, Germany).
Determination of doubling times
Cell lines were seeded in 6-well plates 2 � 10 5 cells/well. Medium was exchanged after 48 h. After 24, 48, 72 and 96 h of cultivation, three wells of each cell line were washed with phosphate buffered saline (PBS) for removal of dead cells. The cells were then detached with 1 ml TrypLE™Express (Life Technologies GmbH) and counted with an automated cell counter Cellometer Auto-T4 (Nexcelcom Bioscience, Lawrence, MA, USA). Exponential equations n(t) = n 0 � r t of growth curves were established, with n representing the cell count after t [h], n 0 the cell count after 24 h, t the time [h] and r the specific growth rate of each cell line. Doubling times (DT) [h] were calculated using the formula DT [h] = ln(2) / ln(r).
Surveillance of growth behavior over time
Cell lines were seeded in 96-well plates 7,500 cells/well. Morphology and growth behavior were surveyed with a live cell Imaging microscope (DMI6000 B, Leica Microsystems, Wetzlar, Germany) over 72 h in 100x magnification. Pictures of the same position were taken every 15 minutes with the program LAS AF 2.6.0. A heating unit, a humidifier and regulated CO 2 supply achieved constant cultivation conditions as described above.
Chemotherapeutic agents
Doxorubicin (Doxo-Cell 2 mg/ml, STADApharm GmbH, Bad Vilbel, Germany) was diluted to 100 μM in PBS and carboplatin (Carbo-CELL 10 mg/ml, STADApharm GmbH) was diluted to 10 mM in cell culture medium. Therefore, solvent controls in cell culture medium used for controls in doxorubicin and carboplatin inhibition were not necessary. Meloxicam was purchased from Selleck Chemicals (Houston, USA) and solved in dimethyl sulfoxide (DMSO) to a concentration of 75 mM. Solutions were sterile filtered and aliquots were stored at -20˚C.
Chemosensitivity to doxorubicin and carboplatin
The inhibitory effect of doxorubicin and carboplatin on metabolic activity was ascertained by MTS assay (CellTiter 96 1 AQueous One Solution Cell Proliferation Assay, Promega, Mannheim, Germany). All cell lines were seeded in 96-well plates 7,500 cells/well. The next day, medium was exchanged, and cells were exposed in quadruplets to increasing concentrations of doxorubicin (1, 10, 50, 100, 200, 500, 700, 1000, 1500 and 2000 nM) or carboplatin (0.5, 1, 5, 10, 20, 50, 100, 200, 500 and 1000 μM). Dilutions were chosen based on doxorubicin serum concentrations in patient dogs [64] and on carboplatin plasma concentrations in healthy beagle dogs [65] after infusion of therapeutic dosages. Controls of each cell line were supplied with fresh medium. After 72 h of exposure, MTS assay CellTiter 96 1 AQueous One Solution Cell Proliferation Assay, Promega) was conducted according to manufacturer's protocol. The absorbance was recorded at 490 nM using a Synergy2 plate reader (BioTek, Bad Friedrichshall, Germany). Blanks were subtracted.
To determine the influence of doxorubicin and carboplatin on total cell numbers, cells were seeded in 6-well plates 1.5 � 10 5 cells/well. The next day, cells were treated as described for MTS assay, though for carboplatin, 0.5 and 1000 μM used in MTS assay were omitted as they showed little differences to 0 and 2000 μM in MTS assays. After 72 h of exposure to doxorubicin or carboplatin, cells were counted as described for doubling times.
Results were normalized to the respective medium control. Dose-response curves were established for MTS and total cell numbers and inhibitory concentrations 50 (IC50) were calculated using GraphPad Prism Software 3.0 (GraphPad Soſtware Inc., San Diego, CA, USA).
Induction of apoptosis by doxorubicin and carboplatin
Additionally, proportions of vital, apoptotic and late apoptotic cells were assessed after doxorubicin and carboplatin exposure. Cells were seeded in 6-well plates 1.5 � 10 5 cells/well and exposed to the respective concentrations of doxorubicin or carboplatin used in MTS assay the next day. For carboplatin, 0.5 and 1000 μM were omitted again, as these concentrations showed little differences to 0 and 2000 μM in MTS assays. Controls were supplied with fresh medium. After 72 h of exposure, medium including floating cells and debris was collected. Adherent cells were detached with 1 ml TrypLE™Express (Life Technologies GmbH), pooled with the respective medium and centrifuged for 10 min at 160 g. The obtained pellets were stained with Annexin V-FITC Detection Kit plus (PromoCell, Heidelberg, Germany) according to manufacturer's protocol and fluorescence signals were measured by flow cytometry using a MACSQuant 1 Analyzer 10 (Miltenyi Biotec, Bergisch Gladbach, Germany). Data analysis was performed with FlowJo 10.3 software. Debris was excluded and proportions of vital, apoptotic and late apoptotic cells were determined.
Inhibition of COX-2
For meloxicam response regarding total cell number and metabolic activity, cells were seeded in 24-well plates 4 � 10 4 cells/well and in 96-well plates 7,500 cells/well. The next day, medium was exchanged and cells were exposed to 1μM, which resembles the therapeutic steady state plasma concentration in dogs [66] , and 10 μM meloxicam in quadruplets. Controls were incubated with 0.13% (v/v) DMSO. After 72 h of exposure, the MTS assay procedure was conducted as described for doxorubicin and carboplatin inhibition and cells were counted as described for doubling times.
The functionality of COX-2 enzyme was ascertained by production of prostaglandin E2 (PGE2). Each cell line was seeded in a density of 7.5 � 10 4 cells/well in 12-well plates. The next day, medium was changed and cells were treated in duplicates with 1 and 10 μM meloxicam. Controls were incubated with 0.13% (v/v) DMSO. After 24 h of exposure, medium was collected, centrifuged for 10 min at 160 g for removal of cells and debris and stored at -80˚C. PGE2 concentrations in medium samples were measured in duplicates using a competitive ELISA (Prostaglandin E2 ELISA monoclonal, Cayman Chemical, Ann Arbor, USA) according to manufacturer's protocol.
Statistics
Statistical analysis of data was performed with SAS software 7.1 (SAS Institute Inc., Cary, NC, USA). Means and standard deviations are displayed. For comparison to untreated controls in metabolic activity, cell count and proportions of vital, apoptotic and late apoptotic cells, Dunnett's test for multiple comparisons was applied. Additionally, Student's t-tests were performed for comparison between PGE2 concentrations at 1 and 10 μM meloxicam. The confidence levels were set to 95% (p < 0.05; � ), 99% (p < 0.01; �� ) and 99.9% (p < 0.001; ��� ). All experiments were conducted three times independently, except from cell count and apoptosis rate of doxorubicin and carboplatin response, which were conducted four times and from PGE2 concentrations, which were measured once.
Results
Classification of original tissues
FFPE prostate tissue samples P1, P2, P3 and P4.1 were histopathologically classified as infiltrative PAC ( Table 1) 
Description of cell morphology in cell lines
In both metastasis-derived cell lines Metadcarc1511.2 and Metadcarc1511.3, cells were distinctly larger than cells of the primary tumor cell line Adcarc1511.1 and showed numerous cytoplasmic vacuoles, which were also observed in Adcarc1508 and TCC0840 cells (Figs 1 and 2) . Adcarc1508 cells were of heterogeneous size with predominant small cells and few large, multinucleated cells. Adcarc1258 and TCC1509 cells were smaller compared to the other cell lines.
Comparative characterization of cellular origin, p53 and COX-2 expression in cell lines and tissue of origin
Tissue material of P2 was not sufficient for immunohistochemical staining. The overall immunohistochemical pattern for cellular origin, epithelial character and COX-2 expression remained stable in cell lines compared to original tissues, with few exceptions ( Table 2) . Immunophenotype changes were observed for vimentin (five gains), pan-CK (four losses), CK7 (three losses), CK8/18 and E-Cad (one loss each). Cell line Adcarc1258 and respective original tissue were negative for all tested cellular origin markers. UPIII-staining was negative in all samples, while Calp and COX-2 staining could be detected in all samples. Moderate nuclear immunoreactivity for p53 protein was observed in B7 and corresponding cell line TCC1506 with 40-70% and >70% positive cells respectively. COX-2 staining could be observed in all samples with index increases and decreases in intensity.
Fibroblast exclusion
In immunofluorescence analysis, all fibroblast cells used as controls stained positive for collagen VI, whereas all tumor cell lines were negative (S1 Fig) .
Determination of doubling times
Doubling times of cell lines varied between 18.2 and 38.5 h ( Table 3 ). The longest doubling times were recorded in both metastasis-derived cell lines. Adcarc1508 and TCC1509 reached confluence between 72 and 96 h of cultivation and therefore were limited in proliferation. Determined cell count values for these two cell lines after 96 h were excluded for calculations of doubling times. Ascertained curves fitted with coefficients of determination (R 2 ) between 0.9151 and 0.9999.
Surveillance of growth behavior over time
TCC0840, Adcarc0846, TCC1506, Adcarc1508, Adcarc1511.1, Metadcarc1511.2 and Metad-carc1511.3 grew in monolayers in cobblestones-like patterns. Adcarc0846 and Adcarc1508 tended to form piles when reaching confluence. Adcarc1258 and TCC1509 had low anchoring potential and did not establish uniform monolayers in culture. Instead, cells formed prominent protrusions when attached to the well bottom and tended to form aggregates with increasing cell density. Videos of growth behavior are provided as S1-S9 Videos.
Chemosensitivity to doxorubicin and carboplatin
After 72 h of exposure to doxorubicin, all cell lines showed decreased metabolic activity at 200 nM and higher (Figs 3 and 4 ). Reductions of metabolic activities below 33% could be achieved in all cell lines derived from primary tumors at 2000 nM. IC50 values of metabolic activities (Table 4 ). Metabolic activity of both cell lines established from metastases could not be decreased to 50% after exposure to 2000 nM doxorubicin.
Cell count IC50 values for doxorubicin varied between 3.6 nM in Metadcarc1511.3 and 95.7 nM in Adcarc1258. At 2000 nM doxorubicin, total cell numbers in all PAC and TCC derived cell lines were reduced below seven percent, total cell numbers of cell lines originating from metastases were reduced below 16%.
Carboplatin metabolic activity IC50 values varied between 33.6 and 129.3 μM in all cell lines with Metadcarc1511.2 and Metadcarc1511.3 ranging in the lower half (Table 4 ). Reductions of metabolic activities below 18% could be achieved in all cell lines at 1000 μM carboplatin ( Figs 5 and 6 ).
Cell count IC50 values for carboplatin ranged from 3.8 μM in TCC1509 and Adcarc1511.1 to 10.9 μM in Metadcarc1511.2 ( Table 4 ). Reductions of total cell numbers below seven percent could be achieved in all cell lines at 500 μM carboplatin.
Induction of apoptosis by doxorubicin and carboplatin
Doxorubicin and carboplatin induced dose-dependent increases of apoptotic cell proportions and decreases of vital cells in nearly all cell lines (Figs 7 and 8 ). No significant changes were observed in TCC0840 in general and Metadcarc1511.2 treated with doxorubicin (Figs 7 and  8 ). In TCC0840, proportions of vital cells were below 50% in controls and high amounts of apoptotic cells were observed in all samples (Fig 8) . Exposed to doxorubicin, TCC1509 was the first cell line reacting with increased proportions of apoptotic cells, followed by Adcarc1258 at 100 nM. Metadcarc1511.3 changed proportions of vital and apoptotic cells at 2000 nM doxorubicin.
After 72 h exposure to carboplatin, Adcarc1511.1 was the cell line reacting first with increased apoptosis rates at 20 μM. At 200 and 500 μM carboplatin, all cell lines except from TCC0840 showed increased apoptotic rates.
Inhibition of COX-2
Metabolic activities and total cell numbers did not decrease in any cell line treated with meloxicam in both concentrations (S2 Fig) .
Basal PGE2 concentrations in medium ranged beyond 1000 pg/ml in all cell lines except from Adcarc1258, Adcarc0846 and TCC1509 (Fig 9) . Meloxicam decreased PGE2 production in both concentrations in all cell lines except from Adcarc0846 and TCC1509. TCC1506 was 
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Canine prostate and bladder cancer cell lines derived from primary tumor and metastasis the only cell line, in which the reduction achieved with 1 μM meloxicam could be enhanced by a tenfold higher concentration.
Discussion
The presented study provides nine thoroughly characterized cell lines of canine lower urinary tract cancer. Therefore, combined in a panel, these cell lines offer a great opportunity to 
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evaluate therapeutic strategies in any case of lower urinary tract cancer in dogs, including TCC located in the prostate and PAC metastasis. When comparing initial characterizations of different human [1, 45, 67, 68] and canine [16, 33, 34, [36] [37] [38] [39] 46] PAC and TCC cell lines, a number of substantial features were commonly 
Canine prostate and bladder cancer cell lines derived from primary tumor and metastasis profiled. Cell morphology, doubling time and growth behavior are important and useful information researchers need for experimental design [46, 69] . Medical patient data and resistance analysis to classical chemotherapeutic drugs allow assessing the malignancy, multiresistances and the metastatic potential [38, 68, 70] , though chemoresistances are often analyzed in further studies [70] [71] [72] . However, only three K9TCC cell lines [46] and eight of the herein profiled cell lines were immunohistochemically characterized in direct comparison to the respective original tumor tissue. For all those cell lines, the majority of immunohistochemical marker expressions were preserved during culturing process, suggesting that these cell lines generally are suitable models of the respective tumors they were derived from. However, all herein characterized cell lines also displayed some immunohistochemical differences to the respective tumor tissue indicating that they have undergone individual changes induced by subculturing.
Some of the previously mentioned human and canine PAC and TCC cell lines were characterized in early and some in later passages. However, subculturing-induced gene expression changes were reported to happen within the first ten passages [73] , particularly losses of claudin gene expressions [5] . As stable in vitro models are required for repeatable results in further experiments, cell lines were herein characterized in later passages.
Metastasis research is an important part in human and veterinary cancer research. Various studies were carried out using metastasis-derived prostate cancer cell lines like LNCaP and PC-3 [74] or metastasis inducing cell lines like Leo, Probasco, Ace-1, DCP-1, PC-3 or LNCaP [75, 76] in mouse xenograft or dog allograft models. To our knowledge, there are no reported paired cell lines derived from primary tumor and metastasis of spontaneously occurring 
Canine prostate and bladder cancer cell lines derived from primary tumor and metastasis prostate cancer from the same patient. As confirmed by immunohistochemistry, several cellular features remained conserved in metastases Ln4.2 and Ln4.3 compared to the respective primary tumor and in derived cell lines compared to the respective tissues. However, differences between Adcarc1511.1 and the paired metastasis-derived cell lines were demonstrated in increased cell size and prolonged doubling times. Contrary to carboplatin response, both metastasis cell lines showed additional chemoresistance towards doxorubicin compared to 
Canine prostate and bladder cancer cell lines derived from primary tumor and metastasis Adcarc1511.1. Disseminated tumor cells have to overcome numerous adverse conditions when establishing distant metastasis and were consistently described to be more resistant to microenvironmental apoptosis-inducing conditions and chemotherapeutic treatments [31, 32] .
The broad range of the herein analyzed cell lines' IC50 values for doxorubicin are comparable with human prostate and bladder cancer cells [77] and with canine mammary carcinoma cells [78] . Concerning carboplatin, the herein characterized TCC cell lines are more sensitive than other canine TCC cell lines [70] and more comparable to human prostate cancer cells [71] . Adcarc1258 and TCC0840 resemble models for multidrug resistance, as they were rather resistant to both doxorubicin and carboplatin.
In most cell lines, cell counts decreased before apoptotic proportions of cells increased, indicating that doxorubicin and carboplatin first inhibit proliferation and induce apoptosis at higher concentrations. However, in Adcarc1258 after exposure to doxorubicin and in TCC1509 after exposure to both drugs, apoptosis began at lower concentrations compared to the other cell lines, which makes these cell lines more sensitive to apoptosis inducing stimuli.
Exposed to high concentrations of doxorubicin, still a number of cells survived in both metastasis-derived cell lines and in TCC0840. Especially in those cell lines, apoptotic proportions of cells did not increase until 2000 nM, indicating that doxorubicin inhibits proliferation, but does not induce apoptosis. Apoptotic proportions of TCC0840 were relatively high in controls and in all treated samples. It remains uncertain if the detachment of cells or the staining procedure induced apoptosis in this cell line or if a certain proportion of this cell line constantly underwent apoptosis. Changes of vital and apoptotic proportions of cells in cell lines Adcarc1511.1 and Metadcarc1511.3 that were observed at 200 and 100 μM doxorubicin but not at higher concentrations might be of artificial origin. Prominently in both metastasisderived cell lines after treatment with doxorubicin and in Adcarc1258, TCC0840, Adcarc0846 and Adcarc1511.1 after carboplatin exposure, total cell numbers decreased much faster than metabolic activities. Various transporters and other avoidance mechanisms are involved in doxorubicin and carboplatin resistance [79, 80] . Assumingly, cells that did not instantly undergo apoptosis when exposed to low doses of doxorubicin or carboplatin upregulated resistance mechanisms resulting in a higher metabolism of the single cell. Consequently, the higher metabolism of struggling cells masked the effect of doxorubicin and carboplatin and lead to a delayed decrease of metabolic activity compared to cell numbers.
Daily administered COX-2 inhibitors increase survival times in dogs with prostate and bladder tumors [8, 10, 81] . However, the steady state plasma concentration of 1 μM meloxicam in dogs [66] had no impact on proliferation and metabolic activity in all analyzed cell lines in vitro, which was also demonstrated for human prostate cancer cell lines [82] and canine osteosarcoma and mammary cancer cell lines [83] [84] [85] . Consistent with other canine TCC cell lines, basal PGE2 production was relatively high, compared to cell lines of other tumor entities [86] , supporting therapeutic efficiency of COX-2 inhibitors. Further studies are needed to investigate effects of COX-2 inhibitors on features like migration and invasion, as they were shown for canine mammary cancer [84, 85] . In Adcarc0846 and TCC1509, in which COX-2 protein level was the lowest, PGE2 production was not influenced by meloxicam. Mutations or other modifications might be reasons for the steady active enzyme in those cases. The decrease of PGE2 production in the remaining seven cell lines was enhanced by 10 μM compared to 1 μM meloxicam in only one cell line. Drastically increased drug concentrations that inhibited metabolic activity in other in vitro studies [83, 87] might have additional effects other than those inhibiting COX-2 enzyme activity.
Due to a short half-life of its wild type, p53 is almost exclusively detectable in accumulated and mutated forms by immunohistochemistry [13, 14] . Mutations of important tumor suppressor p53 are correlated with progression, poor differentiation and metastasis in human PAC and TCC [18, 88, 89] . Dhawan et al. reported an overexpression of p53 in three out of eight canine TCC cell lines [16] , which is consistent with this study detecting p53 immunoreactivity in the original tissue B7 from one patient and corresponding cell line TCC1506 out of three canine TCC cell lines. In the particular case of B7, the negative prognostic value of p53 could be confirmed, as the dog died from a metastatic and chemoresistant tumor recurrence one year after surgery. Despite the negative result for all highly malignant PAC cases, p53 mutation cannot be excluded. Specific mutations affecting the binding site of the herein used antibody might prevent it from binding to p53 [14] .
Epithelial to mesenchymal transition is a common pathological process in canine metastatic prostate cancer [90, 91] . It is suggested that the analyzed cell lines and respective tumor tissues show features of epithelial to mesenchymal transition, as they express both epithelial (pan-CK, CK7, CK8/18, E-Cad) and mesenchymal (vimentin, Calp) markers concurrently [6, 90] . Consequently, epithelial to mesenchymal transition is likely to be advanced in Adcarc1258, as its primary tumor does only express E-Cad as epithelial marker and even this feature gets lost in the cell line. Adaption processes to culturing conditions or clonal selection of small proportions of tumor cells [6, 92, 93] may explain the further mesenchymal transition of cell lines Adcarc1508, TCC1509, Adcarc1511.1, Metadcarc1511.2 and Metadcarc1511.3, which is characterized by gains of vimentin and losses of pan-CK expression.
All tumors apart from P1 possess basal cell features by expressing pan-CK and luminal cell characteristics by staining positive for CK7 and CK8/18, which supports the involvement of basal and luminal cells in canine prostate cancerogenesis [94, 95] . UPIII protein, usually expressed by urothelial cells [94] , was not detected in any of the samples, which is contrary to other studies with large numbers of canine non-neoplastic prostate and neoplastic bladder samples [59, 94] . This may be caused by areal UPIII expression losses in high grade TCCs [96] . None of the analyzed immunohistochemical markers is appropriate to distinguish between PAC and TCC in this study.
Like in the human prostate cancer cell line LNCaP [68] , Adcarc1258 and TCC1509 had low anchoring potential and did not establish uniform monolayers in culture. Instead, cells tended to form aggregates with increasing cell density, which detached after further cultivation. As previously shown by our group, Adcarc1258 forms spheroids in suspension culture that are more resistant towards doxorubicin [55] . This behavior, which might also be present in TCC1509, can be useful for investigation of resistance mechanisms or stem cell features. In addition to the characteristics assessed within this study, further features are already available for some of the cell lines. For Adcarc1258 and TCC0840, karyotype analyses have been published [35, 51] and the expression of claudin genes has been assessed for Adcarc1258, TCC0840 and Adcarc0846 [57] . Adcarc1258 induces tumors when injected in immunodeficient mice [52] . Additional information about doxorubicin resistance, stem cell marker gene expressions and a GFP-transfected subline of Adcarc1258 are accessible [54, 55] .
Transcriptomic analysis of canine PAC tissues referred to non-cancerous controls will be the next step to identify upregulated cancer-specific targets for promising inhibitors [80] . Further gene expression analysis of cell lines will reveal which cell line conserves these targets and therefore appears to be the best model. Studies applying these specific inhibitors or combined therapeutics in suitable cell lines will follow to select effective treatments for canine lower urinary tract cancer.
Conclusions
Summarized, this thorough characterization enriches canine lower urinary tract cancer research with nine valuable in vitro tools that are immunohistochemically close to the respective tumor tissue. Adcarc1511.1, Metadcarc1511.2 and Metadcarc1511.3 provide the unique opportunity to investigate functional cellular features associated with canine PAC metastasis, as they were derived from primary tumor and metastasis of the same patient. TCC0840 and TCC1509 represent the uncertain percentage of TCC with invasion or emergence in prostate tissue. Adcarc1258 and TCC0840 represent multi-resistant canine PAC and TCC, while TCC1506 and TCC1509 are chemosensitive. Both metastasis derived cell lines Metadcarc1511.2 and Metad-carc1511.3 are resistant to apoptotic effects induced by doxorubicin, but susceptive to carboplatin treatment. 
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